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ARTICLE INFO ABSTRACT

Keywords: Although some of the clinical manifestations of substance use disorders might be superficially similar, it is highly
Immediate early genes (IEGs) likely that different classes of abused drugs including opioids (heroin, morphine, and oxycodone, other opioids)
Psychostimulant and psychostimulants (cocaine and amphetamines) cause different neuroadaptations in various brain regions
Opioid

dependent in the distribution and concentration of their biochemical sites of actions. In fact, different molecular
networks are indeed impacted by acute and chronic administration of addictive substances. Some of the genes
whose expression is influenced by the administration of these substances are immediate-early genes (IEGs). IEGs
include classes of low expression genes that can become very highly induced within seconds or minutes of
activation by endogenous or exogenous stimuli. These IEGs might play important roles in activating target genes
that regulate adaptations implicated in the behavioral manifestations diagnosed as addiction. Therefore, the
purpose of this review is to provide an overview of recent data on the effects of psychostimulants and opioids on
IEG expression in the brain. The review documents some contrasting effects of these classes of drugs on gene
expression and indicates that further studies are necessary to identify the specific effects of each drug class when
trying to predict clinical responses to therapeutic agents.

1. Introduction

Drug addiction is defined as a chronic relapsing brain disease that is
associated with diverse clinical presentations including neurological
and psychiatric signs and symptoms (Cadet and Bisagno, 2016). These
clinical manifestations of substance use disorders (SUDs) are probably
secondary to plastic epigenetic, transcriptional, and functional adap-
tations in brain regions that subsume reward and non-reward pathways
in the brain (Cadet et al., 2014). Although some of the clinical mani-
festations of SUDs might be superficially similar, it is likely that dif-
ferent classes of abused drugs including opioids (heroin, morphine, and
oxycodone, other opioids) and psychostimulants (cocaine and amphe-
tamines) (Hedegaard et al., 2017) may cause different neuroadapta-
tions in various brain regions dependent in the distribution and con-
centration of their biochemical sites of actions. For example,
psychostimulants interact primarily with monoaminergic transporters
including those for dopamine (DA), norepinephrine (NE), and serotonin
(5-HT) (Amara and Sonders, 1998) whereas opioids stimulate opioid
receptors (Kreek et al., 2012).

Mesocortical circuitries that subserve basic and critical biological

functions including decision-making, goal-oriented behaviors, and
motor outputs related to reward is thought to potentially mediate the
addictive properties of addictive drugs (Koob and Volkow, 2016). DA
neurons project from the ventral tegmental area (VTA) to the prefrontal
cortex (PFC), the ventral striatum or nucleus accumbens, (NAc), as well
as to the hippocampus, amygdala, and other forebrain regions (Koob
and Volkow, 2010). DA neurons from the substantia nigra pars com-
pacta (SNpc) that project to the dorsal striatum, which is an important
structure in habit forming, appears to also be involved in regulating
compulsive drug taking over the longterm (Wise, 2004). Therefore, a
better understanding of the ways that the connections between these
various brain regions weaken or strengthen during the clinical course of
escalating drug taking may help to identify sub-groups of addicted
patients and/or predict responses to various treatment approaches. This
understanding may also depend on the elucidation of molecular net-
works that are impacted by acute and chronic administration of ad-
dictive substances (Cadet et al., 2016). Some of the genes impacted by
the administration of various substances of abuse are immediate-early
genes (IEGs) (Robison and Nestler, 2011). IEGs are low expression
genes that can become very highly expressed within seconds or minutes
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Abbreviations MOP-r:  Mu Opioid Receptor
mPFC medial Prefrontal Cortex

5-HT serotonin MSK mitogen and stress-activated kinase
AMPA  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid MW morphine withdrawal
Arc activity-regulated cytoskeleton-associated protein NAc nucleus accumbens
bHLH basic helix-loop-helix NE norepinephrine
CaM calmodulin NET norepinephrine transporter
CaMKIV calmodulin-dependent protein kinase IV NMDA  N-methyl-D-aspartate
c-Jun jun proto-oncogene Npas4  neuronal PAS domain protein 4
CNS central nervous system NPTX1 neuronal pentraxin-1. Gene
CREB cAMP response element binding protein NR4A  nuclear receptor 4A
CREM  cAMP-responsive element modulator gene PFC prefrontal cortex
DA dopamine PKA protein kinase A
DAT dopamine transporter PKC protein kinase C
dIPFC dorsal Prefrontal Cortex ROS reactive oxygen species
Egr early growth response gene RSK ribosomal S6 kinase
ERK extracellular signal-regulated kinase SA self-administration
FOS; c-Fos Finkel-Biskis-Jinkins murine osteosarcoma viral onco- SERT serotonin transporter

gene SNpc substantia nigra pars compacta
Fra2 Fos-related antigen 2 SUDs substance use disorders
GWAS  genome-wide association studies TFs transcription factors
HDAC  histone deacetylase TSSs transcription start sites
IEGs immediate-early genes VGCC  voltage-gated calcium channel
METH  methamphetamine VTA ventral tegmental area
MKP-1  mitogen-activated protein kinase phosphatase 1
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Fig. 1. Overview of signaling pathways that results in neuroplastic changes induced by drug intake and neuronal activity via Ca?* (via NMDAR or VGCC), GPCR or
TKR. Distinct but overlapping pathways concur on the activation of the CREB signaling pathway via CREB phosphorylation (pCREB). Early increases in IEG ex-
pression are dependent, in part, on pCREB which appears to be a common hub of many extracellular stimuli. Abbreviations: Protein kinase A or C (PKA/PKC),
Calmodulin (CaM), calmodulin-dependent protein kinase IV (CaMKIV), extracellular signal-regulated kinase (ERK), ribosomal S6 kinase (RSK), and mitogen and
stress-activated kinase (MSK).
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Table 1

Acute drug-induced changes in IEG expression in striatal tissues after acute drug exposure. Opioids include heroin or morphine administration.

Opioids

MDMA

Methamphetamine

Cocaine

Cadet

t [Liu et al., 1994; Bontempi and Sharp,
1997, Steffensen et al., 2006; Ziétkowska

et al., 2012]

et al., 2003 (NAc); Hargreaves et al., 2007 (NAc);

1 [Erdtmann-Vourliotis et al., 1999; Salzmann
Benturquia et al., 2008]

} [Graybiel et al., 1990; Gross and Marchall, 2009; Hirata et al., 1998,

Thiriet et al., 2001 (NAc); Tomita et al., 2013; Beauvais et al., 2010;

t [Graybiel et al., 1990; Hope, 1992 (NAc);

Piechota et al., 2010]

c-Fos

Piechota et al., 2010; McCoy et al., 2011; Martin et al., 2012 (NAc)]

! [Only in c-Fos + neurons, [Liu et al., 2014]

'Delayed (4 h s post injection) [Piechota

et al., 2010]

1 [Muller and Unterwald, 2005]

1 [Benturquia et al., 2008]

1 [McCoy et al., 2011; Martin et al., 2012 (NAc)]

} [Hope, 1992 (NAc); Nye and Nestler, 1996;

FosB

1 Delayed (4 h's post injection), [Beauvais et al., 2010, Torres et al.,

2015 (NAc)]

Chen et al., 1995, 1997; Zhang et al., 2002, Larson

et al., 2010]

1Only in c-Fos + neurons, [Liu et al., 2014]

1 Only in c-Fos + neurons, [Guez-Barber et al.,

2011]

1 [Liu et al., 1994]

} [Beauvais et al., 2010; McCoy et al., 2011; Martin et al., 2012 (NAc);

Torres et al., 2015 (NAc)]

1 [Hope, 1992 (NAc)]

Jun family

1 [Zibétkowska et al., 2012]

t [Pennypacker et al., 2000]

1 [Pennypacker et al., 2000; McCoy et al., 2011; Torres et al., 2015

(NAc); Beauvais et al., 2010; Torres et al., 2015 (NAc)]

t [Hirata et al., 1998; McCoy et al., 2011]

t [Zhang et al., 2002]

Fra

1 [El Rawas et al., 2009]

1 [Shirayama et al., 2000; Benturquia et al., 2008]

1 [Hope, 1992 (NAc)]

Egr family

! Delayed (4 h's post injection)

[Zi6tkowska et al., 2015]

1 Delayed (2-4 hs post injection) [Beauvais et al., 2010, Torres et al.,

2015 (NAc); Thiriet et al., 2001 (NAc)]

1 [Beauvais et al., 2010]

! Delayed (4 hs post injection)

1 [Beveridge et al., 2004]

! Only in c-Fos + neurons, [Guez-Barber et al.,

2011]

Arc

[Ziotkowska et al., 2012, 2015]
t [Piechota et al., 2010]

1Only in c-Fos + neurons, Liu et al., 2014]

1 [Martin et al., 2012 (NAc)]

1 [Piechota et al., 2010]

t [Piechota et al., 2010]

Npas4

| Delayed (24 h s post injection) [Martin et al., 2012 (NAc)]
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of endogenous or exogenous stimuli (Leslie and Nedivi, 2011). There-
fore, the purpose of this paper is to provide an overview of recent data
on the effects of psychostimulants and opioids on IEG expression in the
brain. Whenever possible, we will also compare and contrast the impact
of these two classes of drug on IEG expression.

Psychostimulants directly affect DA transmission by elevating ex-
tracellular DA and prolonging DA receptor signaling. Cocaine and
amphetamines respectively act by diverse mechanisms as inhibitors of
monoamine transporters (DAT, NET, SERT) (Kuhar et al., 1991) or
promotes DAT-mediated reverse-transport of DA into the synaptic cleft
(Sulzer et al., 1995). By contrast, heroin, morphine, and other pre-
scription opioids including oxycodone or hydrocodone (OxyContin and
Vicodin, respectively) act primarily as agonists at mu opioid receptors
(Kreek et al., 2012). Stimulation of endogenous opioid receptors re-
duces GABA released at synapses in the brain (Vaughan et al., 1997).
Because GABA is a known inhibitor of DA release, the end results of the
actions of these drugs are increased DA in the NAc (Leone et al., 1991)
and the caudate-putamen (Chesselet et al., 1981).

In addition to their effects on monoaminergic systems, psychosti-
mulants can also impact brain opioid systems (Kreek et al., 2012).
Cocaine alters brain mu opioid receptors (Unterwald et al., 1994;
Zubieta et al., 1996). Recently it has been reported that compulsive
methamphetamine self-administering rats show increased expression of
proenkephalin and prodynorphin mRNAs in the NAc in comparison to
control and abstinent rats suggesting a role of opioid neuropeptides in
the manifestation of methamphetamine addiction (Cadet et al., 2016).

Although there are reports of self-administration protocols for
heroin (Wade et al., 2015) and oxycodone (Wade et al., 2015;
Blackwood et al., 2018), there is some evidence from preclinical studies
showing that rodents appear to respond differentially to access to
psychostimulants and opioids (Badiani et al., 2011). For example, prior
exposure to social stress promotes escalation of cocaine self-adminis-
tration but not heroin self-administration (Cruz et al., 2011). Of note,
dopaminergic systems appear to be differentially involved in stimulant
and opioid self-administration by rodents. Specifically, DA receptor
blockade or lesions of the mesolimbic DA system decrease cocaine but
not heroin self-administration (Pettit et al., 1984). Lastly, trait im-
pulsivity predicts escalation of cocaine intake (Dalley et al., 2007) but
not heroin intake (McNamara et al., 2010).

1.1. IEGs and their regulation

Before delving into the regulation of IEGs by substances of abuse,
we will provide a very brief synopsis of the general regulation of some
IEGs. As mentioned earlier, IEGs encode inducible transcription factors:
e.g. c-Fos, c-Jun, JunB, Egr, Nr4a etc.) that can interact with promoter
regulatory elements of downstream effector genes to regulate their
expression (see Fig. 1). Thus, IEGs can influence waves of transcrip-
tional activities based on the genes whose activities they might have
stimulated or inhibited (Bahrami and Drablgs, 2016). Because gene
transcription is also regulated by epigenetic phenomena that include
chromatin modifications, post-translational histone alterations, and
changes in the binding of transcription factors (TFs) at gene promoters
(Godino et al., 2015), it is also likely that IEGs can impact epigenetic
phenomena at various molecular levels (Bahrami and Drablgs, 2016).
For example, it has been shown that repressed intergenic and intragenic
transcription start sites (TSSs) enriched with active chromatin marks
and RNA polymerase II are strongly associated with the presence of
IEGs (Rye et al., 2014). Thus, drugs of abuse that influence IEG ex-
pression may cause substantial epigenetic consequences in the brain.

1.2. Regulation of IEGs by cocaine, methamphetamine and 3,4-
Methylenedioxymethamphetamine

1.2.1. Cocaine
Cocaine produces its psychoactive effects by acting on the brain's
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mesocorticolimbic monoaminergic systems. Cocaine binds to DA, ser-
otonin, and norepinephrine transport proteins (DAT, SERT, and NET
respectively) and prevents re-uptake of these monoamines into pre-sy-
naptic neurons (Kristensen et al., 2011; Kuhar et al., 1991). DAT, but
not the SERT, appears to be critical in mediating the reinforcing effects
of cocaine. Mice lacking the DAT failed to acquire and maintain cocaine
self-administration but the deletion of the SERT did not induce this
effect (Thomsen et al., 2009).

Several groups of investigators have also studied the effects of acute
and chronic cocaine administration of the expression of several IEGs in
the brain, see Table 1 and Table 2. For example, acute injection of
cocaine can cause substantial increases in c-Fos expression in the NAc
(Hope et al., 1992). Acute cocaine (1 h post injection) also increases c-
Jun, FosB, JunB, and Egrl expression in that structure (Hope, 1992).
The neuronal PAS domain protein 4 (Npas4) is also responsive to acute
cocaine administration in the striatum (Piechota et al., 2010). Im-
portantly chronic pre-administration of cocaine resulted in the sup-
pression of the acute effects of cocaine on c-Fos expression (Hope et al.,
1992). These observations suggest that chronic exposure to cocaine
may have impacted epigenetic mechanisms that regulate acute cocai-
ne's effects on c-Fos expression.

Another gene of interest is FosB. Chronic administration of cocaine
led to the accumulation of a protein that was identified using Western
blot analysis (Hope et al., 1994). The FosB message suffers splicing that
results in different proteins such as the full-length FosB (50 kDa) and a
stable truncated splice variant of the FosB gene named AFosB
(35-37 kDa) (Hope et al., 1994; Chen et al., 1995, 1997). These changes
may be related to the effects of chronic cocaine on the accumulation of
CREB-binding protein onto the FosB promoter (Levine et al., 2005).
Changes in AFosB have been shown to be involved in several behavioral
effects of cocaine including behavioral sensitivity (Nestler et al., 2001).
Accordingly, Nestler et al. (2001) have suggested that AFosB isoforms
may act as a “molecular switch” to facilitate the transition from mea-
sured drug use to compulsive drug taking behaviors. It needs to be
noted, nevertheless, that cocaine exposure can increase AFosB in
striatal tissues, whether given passively or under self-administration
situations (Larson et al., 2010), suggesting the need for further eva-
luation of the role of that protein in conditions that are contingently or
non-contingently determined since an addiction diagnosis involves self-
administration of drugs not just passively administered drugs.

The rate at which cocaine is delivered influences its acute psycho-
logical and physiological effects in humans (Nelson et al., 2006). Si-
milarly, rapid cocaine infusions potentiate its ability to induce c-Fos
and Arc mRNA levels in the brain (Samaha et al., 2004). Nevertheless, it
has not yet been determined systematically how the rapidity of cocaine
distribution within the brain after intranasal, smoking, and intravenous
routes actually influences the developmental course of addiction.

Drugs of abuse can cause adaptations in mesocortical DA signaling
that lead to addiction-induced changes in cortical and subcortical
processing, particularly on PFC function. (Cadet and Bisagno, 2013).
Abnormalities have been identified in frontal networks that subsume
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poor self-regulation and the loss of control over drug-seeking behavior
in cocaine-dependent patients (Goldstein and Volkow, 2011). The main
effect of cocaine on the PFC is to increase PFC activity, as measured by
neuroimaging studies (Goldstein and Volkow, 2011). As the length of
access to the drug and drug expectation modulate PFC activity, in-
creases in activity that occur during drug administration may be in-
dicative of neuroadaptations (Goldstein and Volkow, 2011). Changes in
IEG expression appear to be a major component of cocaine-induced
plasticity in the PFC. Indeed, presentation of response-contingent co-
caine-paired cues during reinstatement induced a widespread pattern of
c-Fos expression throughout the brain, including several prefrontal
cortical, limbic, and striatal subregions (Kufahl et al., 2009).

Gao et al. (2017) compared the effects of 10 and 60-day self-ad-
ministration of cocaine on the expression of several IEGs in medial PFC
(mPFC) and striatal tissues. Cocaine SA increased expression of 6 IEGs
in the dorsal and ventral striatum. These include c-Fos, FosB/AFosB,
Egr2, Egr4, and Arc. In the mPFC, there was one additional gene that
was impacted by cocaine SA, namely Homerl (Gao et al., 2017). Im-
portantly, there were no major differences between patterns of IEG
expression after 10 or 60 days of cocaine self-administration, except for
FosB/AFosB in the dorsal striatum and Egr2 in the mPFC (Gao et al.,
2007). Egr2 in mPFC was greatly induced following long-term (60 days)
compared with short-term (10 days) exposure suggesting that Egr2 up-
regulation might be related to cognitive control over drug seeking (Gao
et al., 2007). The opposite trend was found for the striatal expression of
FosB/AFosB, FosB/AFosB, and a smaller magnitude was seen after co-
caine extended exposure compared with short-term (Gao et al., 2007).

Potential roles of Npas4 in cocaine-mediated adaptations were re-
ported by Ye et al. (2016). Npas4 is a member of the basic helix-loop-
helix (bHLH) transcription factor family that is almost exclusively ex-
pressed in the brain. Additionally, Npas4 is unique in that it is mainly
activated by neuronal activity (Sun and Lin, 2016). The adult brain
show low levels of Npas4 expression, it is mainly expressed in cortical
areas and limbic system and it has been shown an activity-dependent
binding of Npas4 at enhancers (Kim et al., 2010). Ye et al. (2016), re-
ported that there were significant differences between mPFC cells that
responded to positive or negative experiences and showed that Npas4
expression was enriched in some mPFC cells in response to cocaine (Ye
et al.,, 2016). Cocaine induced increased Npas4 expression in mPFC
occurs within 30 min of cocaine injection (Ye et al., 2016). The authors
suggested that Npas4, by controlling distinct networks of genes, may
differentially regulate synaptic input to excitatory and inhibitory neu-
rons in order to facilitate circuit responses to various sensory experi-
ences (Spiegel et al.,, 2014). In this line of evidence, Npas4 was de-
scribed to be induced by the combination of cocaine and caffeine in the
mouse mPFC following conditioned place preference (Muniz et al.,
2017).

Finally, it is to be noted that a recent study of gene expression
comparing the medial PFC of cocaine addicts to that of control subjects
has reported changes in the expression of c-Fos and c-Jun that had
previously been identified in animal models of cocaine addiction

MDMA  Opioids

1 [Hayward et al., 1990 (MW); Nye and Nestler,
1996(MW); Georges et al., 2000 (MW)]

1 Nye and Nestler (1996)(MW), Muller and
Unterwald (2005) Garcia-Pérez et al. (2012)

1 [Nye and Nestler, 1996 (MW)]

| [McCoy et al., 2011; Saint-Preux

1 [Marie-Claire et al., 2004; Kuntz et al., 2008]

Table 2
Chronic drug-induced changes on striatal tissues. Abbreviations: morphine withdrawal (MW), self-administration (SA).
Cocaine Methamphetamine
c-Fos 1 [Gao et al., 2017(SA)] | [Saint-Preux et al., 2013, IP]
1 [Krasnova et al., 2013, SA]
FosB 1 [Hope et al., 1994; Perrotti et al., 2008; Levine et al., | [Saint-Preux et al., 2013]
2005; Larson et al., 2010; Gao et al., 2017(SA) ] 1 [Krasnova et al., 2013 (SA)]
Jun family | [Saint-Preux et al., 2013]
1 [Krasnova et al., 2013 (SA)]
Fra | [Saint-Preux et al., 2013]
Egr family 1 [Fritz et al., 2011 (NAc); Muniz et al., 2017 (NAc); Gao
et al., 2017(SA)] et al., 2013]
Arc 1 [Gao et al., 2017(SA)]
Npas4
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(Ribeiro et al., 2017). This study identified activator protein 1 (AP-1)
regulated transcriptional network in dIPFC neurons associated with
cocaine use disorder that contains several hub genes that are genome-
wide association studies (GWAS) hits for traits involved of brain reward
(i.e. Body-Mass Index or Obesity) or dIPFC (i.e. Bipolar disorder or
Schizophrenia).

1.2.1.1. Methamphetamine and IEG expression. Amphetamines are
highly addictive synthetic substances that can induce longterm
transcriptional and epigenetic changes in the brain (Godino et al.,
2015). Amphetamines enter the nerve terminal via the DAT and reverse
the direction of the DAT through which large amounts of DA are
released (Sulzer et al., 1995). These substances are also substrates for
vesicular transporters and can disrupt the concentration of DA with
these vesicles by influencing intravesicular pH (Sulzer and Rayport,
1990; Sulzer et al., 2016).

The effects of acute and chronic administration of amphetamine
analogs have also been investigated (Cadet et al., 2001; McCoy et al.,
2011). Acute administration of amphetamines elicits increased ex-
pression of several IEGs whose mRNA levels return rapidly to normal
values (Graybiel et al., 1990; Shilling et al., 2006; Cadet et al., 2001).
For example, amphetamines cause upregulation of c-Fos expression
withinl-2 h of their administration in several brain regions of rodents
(Graybiel et al., 1990; Shilling et al., 2006; Cadet et al., 2001). In ad-
dition to c-Fos expression, Martin et al. (2012) have reported that
METH injections can cause significant increases in FosB expression in
the NAc. The changes were evident after 1-hr, peaked at 2-hrs, and then
reverted back to normal by 24-hr after the drug injection. METH caused
smaller mRNA levels increases in c-Jun and JunB mRNA levels that
peaked at 1-hr and then returned to normal levels 24 h post-injection
(Martin et al., 2012). METH also caused time-dependent decreases in
the expression of other genes including Npas4 (Martin et al., 2012).
Tomita et al. investigated the effects of a single injection of METH
(20 mg/kg) that produced hyperthermia and stereotypic behaviors;
they reported increased c-Fos expression in the dorsal striatum, the
frontal cortex, anterior hypothalamic area, medial preoptic area, lateral
hypothalamic area, paraventricular thalamic nucleus, lateral anterior
hypothalamic nucleus, lateral septum, and amygdala. Some of the
amphetamine-induced increases in IEG expression are mediated, in
part, by activation of striatal DA (D1 and D2) and/or glutamate (NMDA
and AMPA) receptors (Gross and Marshall, 2009). Specifically, injec-
tions of D1, D2, NMDA, or AMPA receptor antagonists prior to a single
systemic injection of METH have been reported to attenuate the effects
of methamphetamine on c-Fos expression in the dorsal striatum or
cortex (Gross and Marshall, 2009). The early increases in IEG expres-
sion are also dependent, in part, on the activation of the CREB signaling
pathway via CREB phosphorylation (pCREB) (Torres et al., 2015).

Because amphetamine-induced increases in IEG expression occur
very fast and then rapidly return to normal values (Godino et al., 2015),
there might be rapid induction of repressive epigenetic regulators that
intervene to normalize IEG expression in the rodent brain. This nor-
malization is important to maintain homeostasis in the brain. This
suggestion is supported by recently accumulated evidence showing that
histone deacetylase 2 (HDAC2) is a negative regular of METH-induced
increased expression of some IEGs in the brain. Torres et al. (2015)
showed that METH-induced increases in FosB, Fra2, and Egr3 expres-
sion were more prolonged in the HDAC2KO mice in comparison to WT
mice. In addition, METH caused increased abundance of HDAC2 on the
promoters of FosB, Fra2, and Egr3 in WT mice while HDAC2KO mice
showed prolonged increased pCREB binding on the promoters of FosB,
Fra2, and Egr3. These results suggest that, in the absence of HDAC2,
prolonged induction of some IEGs is associated with the activation of
the adenylate cyclase/cAMP/PKA/CREB pathway (Torres et al., 2015).

Although acute METH exposure can cause significant increase in the
expression of several IEGs, chronic exposure to METH appears to cause
opposite effects (McCoy et al., 2011; Saint-Preux et al., 2013). In the

14

Neurochemistry International 124 (2019) 10-18

NAc, chronic METH decreased the mRNA expression of FosB, fral,
JunB, and fra2 in the NAc but not in the dorsal striatum (Saint-Preux
et al., 2013). Chronic METH also decreased NAc egr3 mRNA levels. The
Nr4a family member, nr4a2/nurrl, showed increased striatal expres-
sion following chronic METH injections (Saint-Preux et al., 2013).
These results support the accumulated evidence that chronic adminis-
tration of psychostimulants is associated with blunting of their acute
stimulatory effects on IEG expression. Interestingly, it was also reported
that an acute METH challenge was able to normalize the expression of
c-Fos, Ergl-3, and Nr4al in the striatum of rats chronically treated with
METH (McCoy et al., 2011). Because these IEGs regulate the expression
of many genes, it is possible that these chronic drug effects might
trigger critical transcriptional responses that drive compensatory neu-
roadaptations. Moreover, there is some indication that chronic METH
might produce region-dependent effects within the striatum to Fos re-
activity (Jedynak et al.,, 2012). A METH challenge increased the
number of c-Fos positive cells in all areas of the dorsal and ventral
striatum, but these effects were observed in more cells in the patch than
in the matrix compartment in the dorsolateral and dorsomedial cau-
date-putamen (Jedynak et al., 2012).

Using the extended-access METH self-administration procedure,
Cadet's group found that the expression of c-Fos, c-Jun, Crem, FosB,
Nptx1, Nptx2, and Nr4al-3 was increased at 2h after cessation of
METH self-administration (Krasnova et al., 2013). These changes were
no longer present at one month after withdrawal, except for decreases
in JunD and AFosB levels (Krasnova et al., 2013). Because JunD and
AFosB are binding partners and because deltaFosB is also a key reg-
ulator in gene expression in other models of drug addiction, our find-
ings suggest that, together, the downregulation of both JunD and AFosB
model might serve to generate the increased motoric behaviors (e.g.,
increased lever presses) observed after lengthy withdrawal from me-
thamphetamine self-administration (Cadet et al., 2015).

1.2.1.2. Methamphetamine, IEGs, and neurodegeneration. As mentioned
above, amphetamine analogs can cause massive DA release in the
cytoplasm followed by increases in DA concentration in the synaptic
cleft in brain regions that receive dopaminergic projections from the
midbrain. Autoxidation and metabolism of synaptic DA can generate
reactive oxygen species (ROS) (Cadet, 1988; Cadet and Brannock,
1998) that might be partial causes of METH toxicity (Cadet et al.,
1994)as represented by DA depletion (Raineri et al., 2011). Astroglial
and microglial activation (Raineri et al., 2012, 2015) as well as
decreased DAT protein expression (German et al., 2012) in the
striatum are also manifestations of amphetamine toxicity. Humans
exposed to METH also show pathological changes in their brains (Cadet
et al., 2014).

IEGs appear to also be involved in METH toxicity. For example,
Hirata et al. (1998) had reported that superoxide radicals played an
important role in the activation of Zif268 (Egrl) after METH adminis-
tration. The presence of c-Fos appears to play a protective role against
METH-induced damage because METH toxicity is exacerbated in c-fos
heterozygous knockout mice, suggesting that METH can induced pa-
thological cascades that trigger a general toxic response after injections
of toxic doses of the drug (Cadet et al., 2002). A single, toxic, injection
of METH (40 mg/kg) increased Egr-1 and c-Fos mRNA levels within
30 min in the rodent frontal cortex, nucleus accumbens, caudate pu-
tamen, septum, and CA1 region of hippocampus. mRNA levels of both
genes were increased within 30 min and returned to baseline after
60 min (Thiriet et al., 2001).

METH toxicity was also evaluated using FosB null mutant (—/—)
mice (Kuroda et al., 2010). This study showed that three days after
administration of four 10 mg/kg METH injections, the frontoparietal
cortex and striatum of FosB(—/—) mice contained more degenerated
neurons (by Fluoro-Jade B staining) and markers of blood-brain barrier
dysfunction. Together, these observations indicate that both c-Fos and
FosB might play protective role against METH toxicity.
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Some of the increases in [IEG mRNA levels after toxic doses of METH
appear to be dependent on DA D1 receptor activation (Beauvais et al.,
2010). Binge injections of METH (10 mg/kg x 4 every 2 h) caused sig-
nificant increases in c-Fos and fra2 expression lasting from 30 min to 4 h
(Beauvais et al., 2010). Pre-treatment with a DA D1 antagonist,
SCh23390, completely blocked METH-induced expression of c-Fos
while partially inhibiting fra-2 mRNA expression. The D1 antagonist-
mediated suppression of basal fra-1, egr-1, and egr-2 mRNA levels also
suggests that their basal expression in the striatum might be dependent
on tonic stimulation of the DA D1 receptor (Beauvais et al., 2010).
METH-induced neuroplasticity triggered by toxicity is thought to have
profound residual effects. Belcher et al. (2009) investigated cortical and
subcortical IEG expression in rats long after (five weeks) administration
of a single-day METH toxic regimen (4 X 4mg/kg, s.c.). Compared
with saline-pretreated controls, METH-pretreated animals had about
50-70% fewer c-Fos- and JunB-immunoreactive cells in the striatum,
anterior cingulate, infralimbic, orbital, somatosensory, and rhinal cor-
tices 90 min after an apomorphine challenge. These results are also
consistent with other reports that demonstrated an attenuation of the
acute METH-induced effects on Egr2 expression in METH-pretreated
rats (Cadet et al., 2013).

1.2.2. 3,4-Methylenedioxymethamphetamine and IEG expression

3,4-Methylenedioxymethamphetamine (MDMA or “Ecstasy”) is a
recreational drug that exhibits both stimulatory and hallucinogenic
properties. Ecstasy differs from amphetamine and methamphetamine in
that it has a methylenedioxy (—O—CH2-O—) group attached to the
aromatic ring of the amphetamine molecule. Thus, its chemical struc-
ture resembles the structure of the hallucinogenic material mescaline.
MDMA is a popular “rave drug” that can enhance social intimacy, in-
crease feelings of euphoria and energy (Green et al., 1995). MDMA
binds and blocks all monoamine transporters but exhibit a higher affi-
nity for the serotonin transporter (SERT) thus the net neurochemical
effect is increased serotonin release and availability into the synapse
(Green et al., 1995).

Similarly to other amphetamine derivatives, MDMA is capable of
inducing rapid and transient expression of several IEGs in the CNS.
Acute MDMA administration cause marked expression of c-Fos (pro-
tein) in several regions of rat brain. The NAc, striatum, septum and
some nuclei of the hypothalamus responded to MDMA (Erdtmann-
Vourliotis et al., 1999). Acute MDMA also alters the expression of egr-1
mRNA in several regions of rat brain, (the prefrontal cortex, striatum
and dentate gyrus of the hippocampus), changes that appear to be
mediated, at least in part, by NMDA receptor, DA D1 receptor, and 5-HT
transporter (Shirayama et al., 2000).

The ERK-dependent pathway is differentially implicated in IEG
transcription depending on the brain regions and the IEG under study
(Salzmann et al., 2003; Benturquia et al., 2008). For example, an acute
intraperitoneal injection of MDMA induces strong c-Fos transcription in
the dorsal striatum, NAc, and hippocampus but Egrl and Egr3 tran-
scripts were increased only in the striatum (Salzmann et al., 2003).
MDMA-induced changes in IEG mRNA expression were selectively
suppressed by an ERK inhibitor in the caudate putamen, suggesting a
role for other signaling pathways in regulating IEG transcription in
other brain structures. These findings are consistent with those of
Benturquia et al. (2008), who also reported that the ERK pathway is
involved in MDMA-mediated induction of c-Fos, FosB, Egrl and Egr2 in
the striatum.

High ambient temperature increases MDMA-induced hyperthermia
and potential neurotoxic consequences (Cadet et al., 2014). MDMA-
induced c-Fos expression was increased in several brain regions at the
high temperature. These regions include hypothalamic areas that are
linked to thermoregulation (median preoptic nucleus, dorsomedial
hypothalamus) and oxytocin and vasopressin expression (supraoptic
nucleus), as well as the medial and central nuclei of the amygdala. They
also include the NAc and VTA, two brain regions that are associated
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with the reinforcing effects of MDMA (Hargreaves et al., 2007). It is also
of interest to mention another study that had reported found that a
neurotoxic dose of MDMA that induced hyperthermia can induce Arc
expression in the cortex and CAl area of the hippocampus, changes
that, importantly, occurred independent of 5-HT depletion (Beveridge
et al., 2004).

1.3. Regulation of IEGs by opioid drugs

MOR-selective agonists such as morphine, fentanyl, and oxycodone
are the most effective analgesics currently available, but their clinical
utility is limited due to their induction of tolerance and dependence,
propensity for misuse, and risk of overdose ( ; Kreek et al. (2012). The
main active metabolites of heroin and abused prescription opioids act
primarily as agonists at Mu Opioid Receptor (MOP-r). Once in the brain,
heroin is rapidly converted to the biologically active metabolites mor-
phine and monoacetylmorphine (Kreek et al., 2012).

AP-1 DNA binding factors are regulated by morphine. A single in-
jection of morphine (10 mg/kg) was reported to induce the expression
of c-Fos and JunB in the rat striatum and NAc by mechanisms that in-
clude stimulation of DA D1 and NMDA receptors (Liu et al., 1994), (see
Table 1). In addition, acute morphine induced AFosB was dependent on
DA D1 receptors activation (Muller and Unterwald, 2005).

The stimulatory effect of systemic morphine on striatal and ac-
cumbal c-Fos, which is DA-mediated, appear to be indirect resulting
from predominant disinhibition of mesolimbic and nigrostriatal dopa-
minergic neurons by the suppression of GABA-interneurons in the VTA
and SN. (Bontempi and Sharp, 1997; Steffensen et al., 2006). However,
there is evidence of opioid-induced activation of IEGs (c-Fos and JunB)
in MOP-r-expressing cells in cultures (Shoda et al., 2001).

Opiates are known triggers for Egrl expression in several brain
areas. In particular, an acute heroin injection up-regulates Egrl mRNA
levels in the core and shell of the NAc, the dorsal striatum, and the
mouse cingulate cortex (El Rawas et al., 2009). Similarly, increased
Egrl expression levels are observed in the extended amygdala, dorsal
striatum, NAc, and cingulate cortex following an acute morphine in-
jection (Hamlin et al., 2007; Ziétkowska et al., 2012, 2015). Notably,
the latter is observed 4h and 6h following injection, which suggests
that in this context, Egrl up-regulation is part of a second wave of gene
regulations Ziétkowska et al. (2015). This profile of delayed up-reg-
ulation of several IEG in the striatum after morphine administration
was also reported for c-Fos and Arc (Piechota et al., 2010; Ziétkowska
et al., 2012). This somehow differential feature (in comparison with
acute psychostimulant —induced response on IEGs) may contribute to
the development of long-term effects of opioids such as tolerance or
dependence (Ziotkowska et al., 2015).

It is of interest that chronic morphine administration can also in-
duce FosB/AFosB in several brain areas that include the NAc, bed nu-
cleus of the stria terminalis (BNST), central amygdala (CeA), hypotha-
lamic paraventricular nucleus (PVN) and nucleus of the solitary tract
(Garcia-Pérez et al., 2012). It is to be noted that these changes can be
attenuated by adrenalectomy, suggesting that they might be partially
dependent on peripheral mechanisms triggered by adrenal hormones
(Garcia-Pérez et al., 2012). Also of interest is the observation that re-
warding properties of morphine were abolished in FosB knockout mice
(Solecki et al., 2008), thus suggesting very important links between
reward and IEG responses induced by opioid drugs.

Arc (activity-regulated cytoskeleton-associated protein) is classified
as an immediate-early gene because of its rapid induction after stimu-
lation. Chronic morphine produced a significant increase in the mRNA
and protein levels of Arc in rat striatum (Marie-Claire et al., 2004), see
Table 2. The exact function of Arc is unknown but its induction and
localization in dendrites and soma (Steward and Worley, 2001) sug-
gested its involvement in the process of synaptic plasticity (Lyford et al.,
1995). Since Arc mRNA has a short half-life (Steward and Worley,
2001), therefore Arc upregulation is unlikely to result from a direct
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action of morphine, but rather from long-term adaptations at dendrites.
This supports the modification of dendritic branching observed fol-
lowing chronic morphine treatment (Robinson and Kolb, 1999).

IEG expression in the PFC in particular was increased in activated
neurons while expression was unaltered in non-activated neurons. Cue-
induced heroin seeking was associated with increased mRNA expres-
sion of Arc, FosB, Egrl, and Egr2 in only c-Fos-positive PFC neurons but
not in c-Fos-negative neurons obtained from the same tissue (Fanous
et al., 2013).

1.4. IEG expression induced by opioid withdrawal

Opiate withdrawal is characterized by both somatic and motiva-
tional behavioral signs upon cessation of drug use, and represents a
classical feature of opiate dependence (for review: Koob et al., 1992).
The experience of withdrawal promotes the emergence of a negative
affective state. Naltrexone in opioid dependent individuals will result in
an acute block of opioid receptors and precipitate a severe opioid
withdrawal reaction. Early morphine withdrawal studies demonstrated
robust induction of several known acute Fras, including c-Fos, FosB,
Fra-1, Fra-2, and delta FosB, at 6 h after naltrexone precipitation of
withdrawal in the striatum, NAc, and several other brain regions. (Nye
and Nestler, 1996). One hour after injection of naltrexone to morphine-
dependent rats, c-Fos mRNA was induced in the projecting areas of the
dopaminergic neurons (NAc, CPu, prefrontal cortex, olfactory tubercle),
of noradrenergic neurons (BNST, amygdala nuclei, septal areas), and in
several other brain regions expressing opiate receptors (locus coeruleus,
thalamus, hypothalamus, cortex) (Georges et al., 2000). Morphine
withdrawal induced a differential c-Fos expression in the two efferent
populations of the striatum (striatonigral versus striatopallidal)
(Georges et al., 2000).

Egrl is also involved in neuroadaptations underlying long-lasting
effects of morphine exposure, such as withdrawal and relapse.
Consequently, naloxone-induced morphine withdrawal in rats induces
an Egrl up-regulation in the cerebral cortex, hippocampus, thalamus,
cerebellum, and brainstem 60min following the withdrawal
(Beckmann et al., 1995). Similarly, Egrl and its target, Arc, are up-
regulated in the rat dentate gyrus upon morphine-withdrawal memory
retrieval, suggesting that Egrl could be involved in the synaptic plas-
ticity events underlying reconsolidation of the morphine withdrawal-
context (Garcia-Pérez et al., 2016).

Re-exposure to drug-related cues elicits drug-seeking behavior and
relapse in both humans and laboratory animals even after months of
abstinence. Several studies were aimed to identify neural and molecular
substrates underlying conditioned heroin-seeking behavior linked to
relapse behaviors. Accordingly, IEG expression patterns were measured
in mesocorticolimbic system target areas following cue-induced re-
instatement of heroin seeking (Koya et al., 2006). Exposure to the cue
after 3 weeks of withdrawal reinstated heroin-seeking behavior and
resulted in increased expression of ania-3, MKP-1, c-Fos and Nr4a3 in
the medial prefrontal cortex (mPFC) (Koya et al., 2006). Consistent
with a significant interplay between the amygdala and the mPFC during
cue-associated memory reactivation, extinction, and/or reconsolida-
tion, increased Egrl mRNA levels were also found in the rat mPFC
following 14 or 30 days of heroin-seeking incubation (Kuntz et al.,
2008; Kuntz-Melcavage et al., 2009; Fanous et al., 2013).

2. Concluding remarks

Psychostimulants and opioid drugs are addictive drugs that act,
respectively, on monoamine transporters and opioid receptors located
in brain regions that subsume reward, decision making, and memory
formation. The chronic use of these drugs is associated with divergent
clinical consequences in patients who suffer from addiction to these
various classes of these drugs. As described above, the acute and
longterm molecular and cellular effects of these drugs include
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activation of various genes that can act as transcription factors in the
brain. The acute and long-term effects on IEG expression might trigger
downstream events that may be relevant to the clinical course of the
beneficial and adverse effects of these classes of thee abusable sub-
stances. This interpretation suggests that better understanding of the
pathways that are activated by these IEG cascades may lead to better
therapeutic approaches against addiction to psychostimulants or opioid
agents. Future studies that involve manipulation of the levels of these
IEGs in the context of drug self-administration should identify their
specific role in substance use disorders.
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